1. Introduction {#sec1-nanomaterials-07-00099}
===============

Ever since their (re)discovery by Sumio Iijima in 1991, carbon nanotubes (CNTs) have attracted enormous attention from academia and industry, because of their unprecedented mechanical, electrical, and thermal properties \[[@B1-nanomaterials-07-00099],[@B2-nanomaterials-07-00099],[@B3-nanomaterials-07-00099]\]. An immense range of potential applications have been proposed for CNTs, including high-strength conductive composites, field emission displays, hydrogen storage devices, and sensors \[[@B4-nanomaterials-07-00099],[@B5-nanomaterials-07-00099],[@B6-nanomaterials-07-00099],[@B7-nanomaterials-07-00099]\]. In addition, there has been growing interest in using CNTs to develop the next generation of membranes, which exhibit high flux and selectivity, and are resistant to fouling \[[@B8-nanomaterials-07-00099]\]. This has been motivated in part by the observation that the internal diameters of CNTs are comparable in size to those of many small molecules, which raises the prospect of size-based exclusion and the separation of chemical compounds \[[@B6-nanomaterials-07-00099]\]. Early investigations performed using molecular dynamics simulations indicated that the transport of gas and water molecules through the central channels of individual CNTs would be extraordinarily fast, owing to their extremely smooth, defect-free walls \[[@B9-nanomaterials-07-00099],[@B10-nanomaterials-07-00099]\]. These predictions were supported by the results of experimental studies, which showed that the rates of the transport of gases and liquids through membranes composed of aligned CNTs were exceptionally fast \[[@B7-nanomaterials-07-00099],[@B11-nanomaterials-07-00099]\]. A number of studies have been conducted in order to shed light on the reasons for the high degree of permeability exhibited by aligned CNT membranes \[[@B12-nanomaterials-07-00099],[@B13-nanomaterials-07-00099],[@B14-nanomaterials-07-00099],[@B15-nanomaterials-07-00099]\]. The smoothness of the internal walls of the nanotubes was concluded to be an important factor, as this results in low levels of friction with neighbouring water molecules. Another factor was the very narrow diameter of the nanotubes. This was believed to facilitate formation of long chains of water molecules held together by unusually strong hydrogen bonds, which can then pass freely and easily through the slippery internal cavities.

The above results highlighted the potential of CNT membranes for filtration applications, and have provided the motivation for further exploration of this new class of membrane materials. This has been reinforced by the results of investigations into the cytotoxic properties of CNT membranes, which showed that these materials are less prone to biofouling than some conventional polymeric membranes, and exhibit increased membrane lifetimes by killing and removing bacterial and viral pathogens \[[@B16-nanomaterials-07-00099]\]. This review initially provides a short summary of the methods employed for preparing carbon nanotubes, as well as for facilitating their dissolution and subsequent incorporation into different types of membranes. It then focuses on the potential of buckypapers (BPs) and composite CNT materials for the increasing number of filtration applications required to satisfy the world's burgeoning need for pure water for domestic use and industrial applications.

2. Production of CNTs {#sec2-nanomaterials-07-00099}
=====================

The primary methods employed for synthesising significant quantities of single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs) are shown in [Figure 1](#nanomaterials-07-00099-f001){ref-type="fig"}, and include arc-discharge, laser ablation, gas-phase catalytic growth from carbon monoxide (CO), and chemical vapor deposition (CVD) from hydrocarbons \[[@B17-nanomaterials-07-00099]\]. Two of the earliest and most widely used approaches have been arc-discharge and laser-ablation, however these are only suitable for producing relatively small amounts of CNTs. Furthermore the products obtained often contain significant amounts of impurities in the form of catalyst particles, amorphous carbon, and non-tubular fullerenes \[[@B17-nanomaterials-07-00099]\]. Purification procedures are therefore generally required in order to separate the nanotubes from undesirable by-products, prior to investigating their properties and potential applications.

The above limitations have motivated the development of gas-phase synthesis techniques, such as low temperature CVD methods (\<800 °C), during which nanotubes are formed by the decomposition of a carbon-containing gas. These gas-phase techniques are amenable to the continuous production of large quantities of nanotubes, since a flowing gas continually replenishes the source of the starting material. A further benefit of producing CNTs by CVD methods is that the purity of the resulting materials is generally quite high, thereby minimizing the need to perform subsequent purification steps \[[@B18-nanomaterials-07-00099]\]. For example, by using a modified CVD method, SWNTs with purities of up to 90% (*w*/*w*) have been synthesized in the gas phase using Fe(CO)~5~ and CO, in what has become known as the high-pressure carbon monoxide disproportionation (HiPCO) process \[[@B19-nanomaterials-07-00099]\]. Researchers from around the world have widely adopted the use of CNTs produced by the HiPCO process, owing to its comparatively low cost, the high purity of the resulting nanotubes, the use of relatively simple equipment, and the ability to produce nanotubes on a large-scale.

3. Modification of CNTs {#sec3-nanomaterials-07-00099}
=======================

While their extraordinary properties make CNTs attractive candidates for a diverse range of applications, their lack of solubility or processability in many common solvents has hindered their development for specific applications. CNTs can be dispersed in some solvents through the use of ultrasonic energy; however, precipitation immediately occurs in most cases when this process is interrupted. The covalent attachment of polar functional groups such as COOH, COH, NH~2~, and OH to the surfaces of CNTs, and the non-covalent adsorption of various functionalised molecules onto their surfaces, have both proven to be popular methods for overcoming their lack of solubility and for facilitating dispersion into solution \[[@B20-nanomaterials-07-00099]\].

The direct attachment of polar functional groups to CNTs can be readily accomplished using standard synthetic chemistry methods, and provides opportunities for carrying out a range of further reactions with CNTs, including silanation, esterification, alkylation, and thiolation \[[@B20-nanomaterials-07-00099],[@B21-nanomaterials-07-00099],[@B22-nanomaterials-07-00099]\]. In addition, chemically functionalised CNTs can participate in strong interfacial bonds with many polymers, enabling the preparation of CNT nanocomposites that exhibit exceptional mechanical properties. Despite these advantages, a drawback of the covalent functionalisation approach to surface modification, is that the reactions employed are generally accompanied by a change of hybridisation of the carbon atoms from sp^2^ to sp^3^. This results in a loss of π-conjugation, and consequently, in a reduction in the electrical conductivity of the nanotubes. As a result, considerable effort has been devoted to developing alternative methods for solubilising CNTs that are convenient to use, and which have a minimal impact on their structure and properties.

The non-covalent modification of the surfaces of CNTs involves the adsorption of surfactant or polymeric molecules. It is an attractive alternative method for enhancing the solubility, and therefore, the ability to process CNTs into useful materials, as it does not compromise their physical properties. The dispersion of CNTs into solutions containing poly(phenylene vinylene) and polystyrene was attributed to the wrapping of the latter molecules around the tubes \[[@B23-nanomaterials-07-00099],[@B24-nanomaterials-07-00099]\]. This led to the formation of supramolecular complexes held together by van der Waals and π--π stacking interactions between the CNTs and aromatic rings within the polymer chains. A consequence of this was the weakening of the van der Waals interactions between the CNTs, which increased their ability to disperse into aqueous solution.

A number of studies have shown that a range of proteins, including bovine serum albumin and lysozyme, are also capable of forming stable aqueous dispersions of CNTs \[[@B25-nanomaterials-07-00099],[@B26-nanomaterials-07-00099]\]. The use of protein dispersants is of particular interest due to their lack of toxicity compared to common surfactants, as well as their biocompatibility \[[@B26-nanomaterials-07-00099]\]. In addition, proteins contain a number of different types of reactive functional groups such as hydroxyls, carboxylic acids, amines and thiols, which provide sites for further surface modification of the nanotubes \[[@B27-nanomaterials-07-00099]\]. In the resulting aqueous dispersions, CNTs and protein molecules principally interact by an electrostatic mechanism, which is highly dependent on the solution pH \[[@B25-nanomaterials-07-00099],[@B26-nanomaterials-07-00099]\].

Carbohydrates such as chitosan and gellan gum have also been shown to be highly effective under some circumstances at wrapping themselves around CNTs to facilitate the formation of aqueous dispersions \[[@B28-nanomaterials-07-00099]\]. For example, chitosan was found to be very effective at dispersing smaller SWNTs, enabling their separation from mixtures of nanotubes \[[@B29-nanomaterials-07-00099]\]. It was reported that the chitosan molecules wrap themselves along the nanotube axis, as shown schematically in [Figure 2](#nanomaterials-07-00099-f002){ref-type="fig"} \[[@B30-nanomaterials-07-00099]\]. Evidence for this conclusion was provided by transmission electron microscopy studies on individual nanotubes which had been coated with chitosan \[[@B30-nanomaterials-07-00099]\].

DNA has also been shown to be capable of dispersing CNTs into aqueous solution. This was attributed to the ability of the DNA bases to bind to the nanotubes through π−π interactions, resulting in the exposure of the polar backbone of the nucleic acid to solvent molecules \[[@B31-nanomaterials-07-00099]\].

Due to their amphiphilic nature, surfactants have proven to be highly effective dispersing agents for CNTs \[[@B32-nanomaterials-07-00099],[@B33-nanomaterials-07-00099],[@B34-nanomaterials-07-00099]\]. It has been reported that surfactants with ionic, hydrophilic head groups, such as sodium dodecylsulfate (SDS), stabilise CNT dispersions by an electrostatic repulsion mechanism \[[@B35-nanomaterials-07-00099]\]. In contrast, polyoxyethylene octylphenylether (Triton X-100), a commonly used non-ionic surfactant, facilitates the dispersion of CNTs by attaching itself to individual nanotubes and using its hydrophilic moiety to form a large solvation shell around the assembly \[[@B36-nanomaterials-07-00099]\]. Triton X-100 and sodium dodecylbenzene sulfonate (SDBS) are both believed to participate in stronger interactions with the surfaces of nanotubes than SDS, and therefore, typically function as more effective dispersants, because of the presence of benzene rings in their structures that can facilitate π−π stacking interactions.

Having access to methods that enable solutions containing dissolved CNTs to be prepared is critical if scientists are to harness their many extraordinary properties. However, it is also necessary to have methods for fabricating CNT dispersions into macroscopic structures such as films or membranes, which can then be incorporated into devices for specific applications. Two such fabrication processes are the production of aligned CNT membranes and the synthesis of buckypaper (BP) membranes. The following sections describe how these materials are prepared, along with their properties, and the results of studies that have examined their potential as membrane filtration media.

4. Aligned CNT Membranes {#sec4-nanomaterials-07-00099}
========================

Aligned carbon nanotube membranes consist of highly ordered, vertically aligned arrays of individual CNTs ([Figure 3](#nanomaterials-07-00099-f003){ref-type="fig"}). As a consequence, they possess a regular pore structure consisting of very narrow internal cavities within individual tubes, which are of the order of ca. 5 nm in the case of MWNTs \[[@B37-nanomaterials-07-00099]\]. This inner core diameter is similar to the size of many proteins and other biological macromolecules, which suggests that aligned CNT membranes could be suitable for a variety of ultrafiltration and nanofiltration applications \[[@B38-nanomaterials-07-00099]\]. An important feature of aligned CNT membranes is that the size of their pores can be precisely determined by controlling the size of the catalytic particles used during nanotube growth. This potentially provides a mechanism by which the selectivity of the membrane can be adjusted to suit a particular separation application. It is also possible to further fine-tune the molecular selectivity of these materials by covalently functionalizing the ends of the nanotubes with specific functional groups or molecules \[[@B39-nanomaterials-07-00099],[@B40-nanomaterials-07-00099]\].

Recently, it was also shown that it is possible to vary the diameter of the pores in an aligned CNT membrane between 38 and 7 nm, by applying an external force perpendicular to the long axis of the nanotubes \[[@B41-nanomaterials-07-00099]\]. This resulted in the nanotubes being compressed together and an increase in the water permeability up to 30,000 L·m^−2^·h^−1^·bar^−1^, which is greater than what has been reported for any other CNT membrane. The membrane was also demonstrated to inhibit bacterial adhesion, suggesting that it may offer an advantage over other types of membranes by being less susceptible to biofilm formation and fouling.

Aligned CNT membranes can be prepared by embedding CNTs into a matrix, or by growing them directly onto a substrate, utilising a CVD process. If the aligned CNTs are grown onto the surface of a substrate, they must then be treated with a filler material such as polystyrene or silicon nitride, to fill in the interstitial voids between the individual CNTs \[[@B42-nanomaterials-07-00099],[@B43-nanomaterials-07-00099]\]. The membrane composed of aligned CNTs is then removed from the underlying substrate, and the ends of the closed tubes are opened, for example, by oxidation using a water plasma. This exposes the entrances of the nanotubes to solvent, solute, and gas molecules. The above general approach was used by Majumder et al. to produce vertically aligned MWNT membranes with pore diameters of 7 nm that were four to five orders of magnitude more permeable towards water than a simple macroscopic membrane \[[@B42-nanomaterials-07-00099]\].

Free-standing aligned CNT membranes can also be produced without the use of a supporting material. The CNT forests that are produced in this manner are as highly aligned as those made by the procedure described above; however, the interstitial pores are not sealed using a polymeric binding agent or silicon nitride \[[@B43-nanomaterials-07-00099],[@B44-nanomaterials-07-00099]\]. As a consequence, the final material can contain larger voids throughout its structure that extend up to tens of nanometres in diameter.

Aligned CNT membranes have been shown to selectively filter solute molecules present in aqueous solutions \[[@B7-nanomaterials-07-00099],[@B11-nanomaterials-07-00099]\]. For example, aligned MWNT membranes with internal diameters of ca. 6.5 nm were found to allow the passage of \[Ru(bipy)~3~\]^2+^ (bipy = 2,2′-bipyridine) molecules and gold nanoparticles with average diameters of 2 and 5 nm, respectively, but not larger gold nanoparticles with an average diameter of 10 nm \[[@B7-nanomaterials-07-00099]\]. In another study, researchers prepared macroscopic hollow cylinders composed of radially aligned MWNTs ([Figure 4](#nanomaterials-07-00099-f004){ref-type="fig"}) \[[@B45-nanomaterials-07-00099]\]. These were shown to retain the heavier components of a hydrocarbon mixture, as well as bacteria and viruses present in contaminated solutions. More recently, Baek et al. compared the flux, rejection performance, and biofouling capabilities of aligned CNT membranes to those of a commercial UF membrane \[[@B46-nanomaterials-07-00099]\]. The aligned CNT membranes exhibited a water flux approximately three times greater than that of the UF membrane. In addition, they also showed a greater resistance to biofouling, including significantly lower levels of bacterial attachment \[[@B46-nanomaterials-07-00099]\]. In another study, Shaoyun et al. fabricated a new type of ultrafiltration (UF) membrane using vertically aligned MWNTs and polyethersulfone (PES) \[[@B47-nanomaterials-07-00099]\]. The orderly alignment of MWNTs inside the PES polymer matrix provided an ultra-efficient pathway for water transport, resulting in a flux of water that was three times greater than that exhibited by an MWNT/PES membrane featuring a random orientation of nanotubes. In addition, the water flux was 10 times greater than that of a pure PES membrane operating under the same conditions, and the aligned MWNT/PES membrane showed an improved rejection (95%) of PEG molecules and anti-fouling properties \[[@B47-nanomaterials-07-00099]\].

The presence of pores with very small and uniform diameters in aligned CNT membranes has also seen a significant amount of attention given to their potential for desalination applications. A number of recent reviews have highlighted the progress to date in this area, as well as that achieved through the use of composite CNT membranes \[[@B48-nanomaterials-07-00099],[@B49-nanomaterials-07-00099],[@B50-nanomaterials-07-00099],[@B51-nanomaterials-07-00099]\]. While the permeability characteristics of aligned CNT membranes have been shown to be comparable to those of commercial UF and NF membranes, there are a number of drawbacks associated with their use. One of the most important is that the aligned forest of CNTs usually has to be removed from an underlying substrate, which can involve vigorous chemical etching methods using hazardous reagents such as hydrofluoric acid (HF). Another disadvantage with using aligned CNTs is that in order for them to act optimally as filtration media, their ends must be opened, which also requires harsh conditions such as plasma oxidation. Both steps are also complex to optimise and costly to perform. In addition, most aligned CNT membranes produced to date only have a relatively small surface area, require a lengthy fabrication process, exhibit a poor mechanical stability and low CNT packing density, and show little resistance to fouling \[[@B52-nanomaterials-07-00099],[@B53-nanomaterials-07-00099]\]. In view of these issues, there has been significant attention devoted to producing CNT membranes by alternative, less complicated and hazardous procedures, and which can be readily scaled up as required.

5. Buckypaper Membranes {#sec5-nanomaterials-07-00099}
=======================

Buckypapers (BPs) ([Figure 5](#nanomaterials-07-00099-f005){ref-type="fig"}a) are a simple type of membrane architecture that consists of a self-supporting, entangled assembly of CNTs \[[@B54-nanomaterials-07-00099],[@B55-nanomaterials-07-00099]\]. BPs are often flexible materials; however, they also exhibit a significant degree of chemical and physical stability \[[@B6-nanomaterials-07-00099],[@B56-nanomaterials-07-00099]\]. Due to their intrinsic thermal, electronic, and mechanical properties, BPs have been proposed for various applications including nanoactuators, sensors, radio frequency filters, artificial muscles, and cold-field emission cathodes \[[@B6-nanomaterials-07-00099],[@B57-nanomaterials-07-00099],[@B58-nanomaterials-07-00099],[@B59-nanomaterials-07-00099],[@B60-nanomaterials-07-00099]\]. They are typically synthesized from dispersions of CNTs, which are obtained by applying ultrasonic energy to samples containing nanotubes and a suitable dispersant. The filtration of these dispersions onto a support membrane, using either vacuum or positive pressure, then results in the formation of the BP \[[@B56-nanomaterials-07-00099],[@B61-nanomaterials-07-00099],[@B62-nanomaterials-07-00099]\].

Due to their simple and inexpensive preparation procedures, it is generally possible to produce BPs on a larger scale than aligned CNT membranes. An examination of the surfaces of BPs using scanning electron microscopy reveals a highly disordered structure ([Figure 5](#nanomaterials-07-00099-f005){ref-type="fig"}B), consisting of CNTs bound together by van der Waals forces and π--π interactions \[[@B63-nanomaterials-07-00099]\]. The internal structure of BPs consists of a combination of small and large pores, which correspond to the spaces within and between bundles of CNTs, respectively. The pores in BPs contribute 60%--70% of their total volume, rendering them suitable as filtration media \[[@B61-nanomaterials-07-00099]\]. Despite this, only a small number of studies have investigated the filtration properties of BPs.

One reason for this is their poor mechanical properties, as BPs are often brittle due to weak connections between nanotube bundles. A method for overcoming this problem is to reinforce BPs by polymer intercalation \[[@B61-nanomaterials-07-00099],[@B64-nanomaterials-07-00099]\]. For example, Coleman et al. showed that the infiltration of polyvinyl acetate, polyvinyl pyrrolidone, or polystyrene into BPs resulted in increases in Young's modulus, tensile strength, toughness, and strain to break values \[[@B64-nanomaterials-07-00099]\]. In addition, Boge et al. showed that the incorporation of biopolymers, including proteins and polysaccharides, into BPs composed of SWNTs can improve their mechanical properties \[[@B65-nanomaterials-07-00099]\]. Microanalytical data showed that some of the biopolymers were retained in the BP after they were prepared by vacuum filtration, most likely as a result of their ability to interact in a non-covalent fashion with the nanotubes \[[@B65-nanomaterials-07-00099]\].

Enhancing the mechanical properties of buckypaper membranes is also important because it lowers the risks that ensue from the release of individual CNTs into the environment. There have been many investigations into the biological consequences of exposure to CNTs, triggered in part because of the superficial resemblance of these materials to asbestos particles. These studies have shown that CNTs exert a range of effects, including the induction of oxidative stress, interference with cell signaling pathways, and membrane disruption \[[@B66-nanomaterials-07-00099],[@B67-nanomaterials-07-00099],[@B68-nanomaterials-07-00099],[@B69-nanomaterials-07-00099],[@B70-nanomaterials-07-00099],[@B71-nanomaterials-07-00099],[@B72-nanomaterials-07-00099]\]. As a consequence, it is of the utmost importance to ensure that even small numbers of CNTs do not break free from buckypapers, or any other type of CNT membrane. This risk can potentially be minimized by covalently linking the nanotubes to each other in a buckypaper or aligned CNT membrane, or to an underlying matrix in the case of a composite material.

6. Filtration Applications {#sec6-nanomaterials-07-00099}
==========================

6.1. Filtration of Air Samples {#sec6dot1-nanomaterials-07-00099}
------------------------------

One of the first demonstrations of the potential of CNTs for filtration applications involved composite materials consisting of 2 μm ultrathin MWNT BP films supported on cellulose filters \[[@B73-nanomaterials-07-00099]\]. Fine aerosol particles ranging between 50 and 500 nm in diameter were removed by the composite BP, with efficiencies that exceeded the standards set by the United States government for high efficiency particulate air (HEPA) filters \[[@B73-nanomaterials-07-00099]\]. Since the diameters of the nanotube fibres were much smaller than those of the aerosol particles investigated, it was concluded that the principal mechanism of rejection could not involve the Brownian diffusion of particles within the pores of the filter material. Instead, rejection was described as most likely being caused by the interception and inertial impaction of aerosol particles on the surface of the material, or, in other words, through the adsorption of aerosol particles. Owing to the high efficiencies demonstrated by their composite BPs, the authors suggested that they could also be used as filters for removing contaminants such as viruses from bioreactor feed streams.

In a more recent study, the suitability of an MWNT/ceramic composite membrane for air filtration applications was investigated \[[@B74-nanomaterials-07-00099]\]. A CVD method was used to prepare the composite filter by growing MWNTs on a porous alumina ceramic membrane. The ability of both the pristine ceramic membrane and the composite material to function as particulate filters was investigated using a sample of SiO~2~ with an average particle size of 296 nm. Under the same conditions, the pristine ceramic membrane showed a retention rate of 79.88%, while for the MWNT composite, it was 99.99% for the most penetrating particle size. These results showed that the composite membrane met the criteria for both HEPA and ultra-low penetration air filters, according to the specifications of the United States Department of Energy \[[@B74-nanomaterials-07-00099]\].

The authors of the above study identified five different mechanisms by which aerosol particles can be removed by air filters. In addition to the three mechanisms noted above, filtration can also be achieved through gravity settling and electrostatic deposition mechanisms. It was also noted by the authors that when the rate with which samples were passed across the filters was increased, that Brownian diffusion became less important as a removal mechanism owing to the aerosol particles spending less time in contact with the filtration material. Instead, the direct interception of particles became increasingly important under these conditions. The greater efficiency of the MWNT/ceramic material was attributed to its BET surface area being approximately two orders of magnitude greater than that of the unmodified ceramic membrane, as well as to the enhanced flow of the air samples over the CNTs. The former property in particular, was identified as being an important contributor to the greater performance of the composite filter, owing to the significantly enhanced opportunities for interactions with aerosol particles.

Experiments were also conducted to evaluate the antibacterial properties of both the pristine membrane and the MWNT composite. It was shown that the presence of the MWNTs strongly inhibited the propagation of E. coli, owing to inactivation of the cells \[[@B74-nanomaterials-07-00099]\]. These results demonstrated that the MWNT/ceramic composite membrane shows great promise for multifunctional air filtration applications.

In an attempt to prepare high performing air filters, Nasibulin et al. developed an aerosol CVD synthesis method for preparing free-standing nanotube films \[[@B75-nanomaterials-07-00099]\]. These were prepared by first collecting SWNTs on a microporous filter (0.45 µm pore diameter), and then dry transferring them to a flexible polyethylene terephthalate substrate. The free-standing SWNT films were found to be exceptionally good air filters, with a retention efficiency of 99.99% towards 11 nm iron aerosol particles. This ability was attributed to the high surface area of the SWNTs.

6.2. Filtration of Bacteria {#sec6dot2-nanomaterials-07-00099}
---------------------------

Brady-Estévez and coworkers were among the first to demonstrate the antimicrobial properties of BPs, and their ability to efficiently remove bacteria and viruses from contaminated water samples \[[@B16-nanomaterials-07-00099],[@B76-nanomaterials-07-00099]\]. During their early experiments, these authors examined BPs prepared from dimethylsulfoxide (DMSO) solutions containing SWNTs and no dispersant molecules \[[@B16-nanomaterials-07-00099]\]. The BPs were not removed from the underlying poly(vinylidene fluoride) (PVDF) support membrane they were deposited on, prior to evaluating their ability to remove *E. coli* and MS2 bacteriophage virus particles from water \[[@B16-nanomaterials-07-00099]\]. Filtration experiments showed that the majority of the bacterial cells were retained, while measurements of their metabolic activity indicated that only 6% of the *E. coli* cells remained metabolically active after retention ([Figure 6](#nanomaterials-07-00099-f006){ref-type="fig"}). Exceptionally high viral removal capabilities were also shown by the hybrid SWNT/PVDF membranes \[[@B16-nanomaterials-07-00099]\]. Brady-Estevez and co-workers postulated that the highly effective antibacterial properties exhibited by SWNTs themselves were a result of their ability to elicit significant amounts of damage to cell membranes \[[@B77-nanomaterials-07-00099]\]. In a subsequent study carried out by the same group, it was shown that the ability of SWNTs to damage the membrane of *E. coli* was more pronounced that than of MWNTs \[[@B78-nanomaterials-07-00099]\]. Furthermore, membrane disruption was believed to occur as a result of direct contact with the CNTs, and was accompanied by changes to cellular metabolic activity, gene expression levels, and cell morphology. The length of SWNTs was shown to have an effect on their antibacterial activity, in experiments involving *Salmonella typhimurium* and aqueous suspensions of the nanotubes \[[@B76-nanomaterials-07-00099]\]. This was ascribed to the greater ability of longer SWNTs to aggregate with the bacterial cells, thereby providing more opportunities for causing cellular damage. In contrast, shorter SWNTs tended to accumulate with themselves more than the bacterial cells, thereby reducing their antibacterial potential.

Recently, Sweetman et al. measured the permeability towards water, and determined the effectiveness for bacterial filtration, of self-supporting SWNT BPs prepared from dispersions containing macrocyclic ligands and antibiotics \[[@B79-nanomaterials-07-00099],[@B80-nanomaterials-07-00099]\]. The incorporation of the macrocyclic ligands into the BPs in some instances resulted in large increases in water permeability compared to BPs prepared from dispersions of SWNTs also containing Triton X-100 \[[@B79-nanomaterials-07-00099]\]. The most dramatic increase in permeability was exhibited by SWNT/PTS (PTS = phthalocyanine tetrasulfonic acid) BPs, which displayed an average membrane flux of 2400 ± 1300 L·m^−2^·h^−1^·bar^−1^. This value was almost 30 times greater than the average flux exhibited by SWNT/Trix BPs (83 ± 5 L·m^−2^·h^−1^·bar^−1^), and was also greater than that for commercial 0.22 mm PTFE membranes (1900 ± 300 L·m^−2^·h^−1^·bar^−1^) measured under the same conditions. Each of the above BPs was found to be \> 99% effective for removing *E. coli* from aqueous suspensions \[[@B80-nanomaterials-07-00099]\]. This study therefore demonstrated that free-standing BPs can be just as effective for removing microbial contaminants from water supplies as the composite CNT materials investigated previously \[[@B16-nanomaterials-07-00099],[@B76-nanomaterials-07-00099]\].

Silver nanoparticles (Ag NPs) are currently amongst the most efficient and widely known antibacterial agents. This has been attributed to their capacity to damage protein and DNA molecules, interrupt electron transport chains, and disturb other cellular functions \[[@B81-nanomaterials-07-00099],[@B82-nanomaterials-07-00099]\]. Significant effort has been devoted to determining whether silver nanoparticles themselves have any activity over what would be expected to result from the release of silver ions, which are themselves known to have antimicrobial properties. By carrying out experiments under conditions which rigorously excluded oxygen, and thereby prevent the formation of Ag(I) ions, it was shown that the antibacterial effects arise largely from metal ion release \[[@B81-nanomaterials-07-00099]\]. Silver nanoparticles have also been shown to elicit cytotoxic effects in human cell lines, in a manner dependent upon the size of the nanoparticles, and which is most likely attributable to the intracellular release of silver ions \[[@B83-nanomaterials-07-00099]\]. Recently, a new approach was used to synthesize a silver-doped MWNT composite, with the aim of fully utilizing the antibacterial properties of both MWNTs and silver \[[@B84-nanomaterials-07-00099]\]. The membranes prepared by this new approach showed a high water permeate flux, and strong antibacterial properties. [Figure 7](#nanomaterials-07-00099-f007){ref-type="fig"} shows how the amount of bacteria remaining in the filtrate varied as a function of time after passing through Ag/MWNT composite membranes with different silver loadings. Membranes with a 10% silver loading exhibited tremendous antibacterial properties. For example, almost 100% of bacteria were removed or killed by these membranes after just 1 h exposure.

6.3. Filtration of Gold Nanoparticles {#sec6dot3-nanomaterials-07-00099}
-------------------------------------

Self-supporting BPs prepared from dispersions of MWNTs in isopropyl alcohol have recently been successfully used as nanofilters for removing gold nanoparticles (Au NPs) from colloidal solutions \[[@B85-nanomaterials-07-00099]\]. An analysis of SEM images of the surfaces of the BPs ([Figure 8](#nanomaterials-07-00099-f008){ref-type="fig"}a) revealed the presence of interstitial pores measuring 33 ± 15 nm in diameter. Despite the presence of such large pores, the BPs were able to efficiently remove smaller gold nanoparticles. For example, a recovery efficiency of 100% was obtained when a colloidal solution containing 0.25 mM Au NPs was used. [Figure 8](#nanomaterials-07-00099-f008){ref-type="fig"}b shows that the Au NPs were trapped on the surface of the BPs after filtration. These were shown by high-resolution transmission electron microscopy (HRTEM) to have an average diameter of 14.7 ± 0.7 nm ([Figure 8](#nanomaterials-07-00099-f008){ref-type="fig"}b). The complete rejection of Au NPs was highlighted by the total disappearance of the characteristic plasmon resonance peak at 520 nm, in a UV--visible absorption spectrum of the permeate ([Figure 8](#nanomaterials-07-00099-f008){ref-type="fig"}c).

The presence of gold nanoparticles on the surface of the BP in the SEM image shown in [Figure 8](#nanomaterials-07-00099-f008){ref-type="fig"}b suggests that adsorption might have played a significant role in the mechanism of removal of the gold nanoparticles. However, the authors highlighted that exclusion was a result of the labyrinth of highly convoluted pathways that solvent and solute molecules were forced to take to traverse the membrane. In studies using smaller CdS nanoparticles, with an average diameter of 4.1 ± 2.1 nm, it was observed that some particles were excluded, whilst others were able to pass across the membrane. Based on estimations of the average diameters of the CdS nanoparticles in the feed and permeate solutions, it was concluded that the membranes exhibited a cutoff size of 4--5 nm. Size exclusion was also previously suggested to be the principal mechanism which determined whether gold nanoparticles of various sizes were able to pass through the pores present in aligned membranes composed of MWNTs \[[@B7-nanomaterials-07-00099]\].

6.4. Filtration of Organic Compounds {#sec6dot4-nanomaterials-07-00099}
------------------------------------

Further evidence that BPs may be useful for water purification applications was provided by Harris and co-workers \[[@B86-nanomaterials-07-00099]\]. Their studies involved BPs made from MWNT dispersions prepared in ethanol, without the assistance of a surfactant or other dispersant molecules. The BPs proved to be useful for the removal of humic acid from water samples, with recovery efficiencies \> 93% being obtained. The authors demonstrated that carboxylic acid and hydroxyl functional groups were present on the surfaces of the CNTs, and concluded that the increased hydrophilicity that these functional groups bestow on the nanotubes was an important contributor to their effectiveness as filtration media.

Among the membrane separation technologies that are currently available, pervaporation is one of the most energy-efficient processes for separating azeotropic mixtures, isomers, or close-boiling mixtures that cannot be separated through conventional filtration processes \[[@B87-nanomaterials-07-00099]\]. Pervaporation is the separation of mixtures of liquids by partial vaporisation through a membrane. In this process, a feed solution consisting of a mixture of liquids is heated to the optimum operating temperature, and then brought into contact with the membrane. The permeate passes through the membrane and is continuously removed in the form of a vapour. This creates a concentration gradient across the membrane, which acts as an overall driving force for the process. To date, most studies have reported on the pervaporation of binary mixtures of water with either ethanol or ethyl *tert*-butyl ether (ETBE), using polymeric membranes or mixed matrix membranes \[[@B87-nanomaterials-07-00099],[@B88-nanomaterials-07-00099],[@B89-nanomaterials-07-00099]\]. For example, Choi et al. incorporated MWNTs into a PVA membrane, and then examined the suitability of the resulting composite for the dehydration of a water/ethanol mixture by pervaporation \[[@B87-nanomaterials-07-00099]\]. The efficiency of the membranes was observed to be affected by the amount of MWNTs present, with those containing 4% (*w*/*w*) MWNTs determined to be the best performing materials of those examined.

Recently, it was reported that BPs can be used in a pervaporation process to separate organic compounds present in azeotropic mixtures in water \[[@B90-nanomaterials-07-00099],[@B91-nanomaterials-07-00099]\]. In one such study, self-supporting MWNT BPs were used, which were prepared from dispersions of MWNTs in ethanol. The BPs were coated with a thin layer of PVA to form a new type of asymmetric MWNT/PVA membrane \[[@B90-nanomaterials-07-00099]\]. The PVA-coated BP membranes exhibited improved mechanical properties relative to pure PVA membranes. They were then used to dehydrate a multi-component azeotropic reaction mixture obtained from ethanol and *tert*-butyl alcohol (TBA), via a pervaporation process. When the purified MWNT/PVA membranes were used for pervaporation, they exhibited permeation fluxes and separation factors two and four times greater than those of a pure PVA membrane. This was believed to be due to the presence of hydrophilic groups on the oxidised MWNTs, and the existence of nanochannels within the pre-selective layer on the BP, which favoured the permeation of water molecules. It was also proposed that the MWNT/PVA BP could serve as a catalytic membrane in systems designed to separate the water and by-products of the etherification reaction ([Figure 9](#nanomaterials-07-00099-f009){ref-type="fig"}) \[[@B90-nanomaterials-07-00099]\].

Composite membranes containing nanotubes have often been used in investigations into the filtration properties of CNTs, owing to their superior mechanical properties compared to stand-alone membranes. An alternative method of endowing greater strength upon free-standing BPs, involved the preparation of a BP-supported ionic liquid membrane (SILM). The first step in the synthesis of this material involved blending 1-butyl-3-methylimidazolium tetrafluoroborate (\[Bmim\]\[BF~4~\]) with polyvinyl alcohol \[[@B91-nanomaterials-07-00099]\]. The resulting \[Bmim\]\[BF~4~\]/PVA blend was then infiltrated into the interstitial pores of an MWNT BP. This resulted in the formation of a homogeneous BP/SILM composite material, which exhibited lower levels of resistance to mass transport, and enhanced thermal and mechanical stability. When the BP/SILM composite membrane was used in a pervaporation process to dehydrate an aqueous solution containing ethylene glycol, it displayed a significantly greater separation performance and permeability compared to other PVA membranes \[[@B92-nanomaterials-07-00099]\]. In addition, the BP/SILM composite membrane demonstrated a robust pervaporation performance over a period of 120 h, further confirming its potential for industrial applications \[[@B91-nanomaterials-07-00099]\].

Organophosphates are among the most toxic substances synthesized to date, and are used as pesticides and nerve agents \[[@B93-nanomaterials-07-00099]\]. Recently, a new 'one-pot' methodology was developed for the rapid and straightforward fabrication of an enzymatically active MWNT BP to be used for organophosphate bioremediation \[[@B94-nanomaterials-07-00099]\]. This new type of BP was prepared from carboxylated MWNTs (MWNTs--COOH), which were ultrasonically dispersed in an aqueous solution containing Triton X-100. The resulting dispersion was then filtered under vacuum onto a cellulose support membrane to produce a composite MWNT BP membrane. Organophosphate hydrolase (OPH) was subsequently covalently immobilised onto the nanotube surface, to produce an enzymatically active OPH/MWNT BP. To demonstrate its potential for bioremediation, an aqueous solution of methyl paraoxon, a model oraganophosphate contaminant, was filtered using the OPH/MWNT BP. A significant decrease in the concentration of methyl paraoxon was achieved, which was ascribed to its in situ hydrolysis by the immobilised enzyme during the filtration process. This result provided proof of concept for a new generic approach to the design of bioactive BP scaffolds, which can be tailored for a range of applications from environmental remediation to biomedical devices.

In a recent study, a promising hybrid nanofiltration membrane was prepared using reduced graphene oxide (rGO) that had been intercalated with MWNTs. The resulting rGO/MWNTs were then loaded onto an anodic aluminum oxide microfiltration membrane via a vacuum-assisted filtration process \[[@B95-nanomaterials-07-00099]\]. This resulted in the preparation of a hybrid rGO/MWNT membrane that was then used to purify drinking water by retaining Au NPs and a wide range of organic compounds, including dyes, proteins, organophosphates, sugars, and humic acid. The new hybrid membranes exhibited a high level of performance with respect to the rejection of fulvic acid from aqueous solutions ([Figure 10](#nanomaterials-07-00099-f010){ref-type="fig"}) \[[@B95-nanomaterials-07-00099]\]. This ability could be observed qualitatively, with the yellow colour of the feed solution being converted into a clear and transparent permeate, as the fulvic acid was completely rejected by the membrane.

The above rGO/MWNT hybrid membrane was also highly effective at retaining Au NPs, bovine serum albumin (BSA), and the organophosphate insecticide phoxim. Retention values \> 90% were obtained for experiments involving one of the above solutes ([Figure 11](#nanomaterials-07-00099-f011){ref-type="fig"}). During these experiments, the permeability of water was determined to be between 22 and 30 L·m^−2^·h^−1^·bar^−1^, which was markedly larger than what had been reported for graphene nanofiltration membranes in the literature \[[@B96-nanomaterials-07-00099]\].

The introduction of CNTs into commercial membranes has been shown to alter the selectivity of the latter, without greatly affecting their intrinsic permeability \[[@B97-nanomaterials-07-00099],[@B98-nanomaterials-07-00099]\]. In one such study, the effect of modifying polyacrylonitrile (PAN) membranes with SWNTs, on their ability to recover low molecular weight micropollutants, was investigated \[[@B99-nanomaterials-07-00099]\]. The composite membranes were prepared by a phase inversion method, in which SWNTs were first dispersed in DMF using ultrasonication. PAN was then added to the resulting DMF solution, which was cast onto a glass plate and subsequently immersed in a coagulation bath containing deionised water and isopropanol. After the PAN/SWNT membranes had precipitated, they were stored in deionised water to ensure complete phase separation. It was observed that the structure of the membranes changed significantly, depending on the amount of nanotubes added, with those having the highest CNT contents exhibiting the highest capacity towards micropollutants.

[Figure 12](#nanomaterials-07-00099-f012){ref-type="fig"} illustrates the effect of changing the amount of SWNTs incorporated into these membranes on their ability to remove BPA and 4-nonylphenol (4-NP), as well as their permeate flux. Also included are data for a composite PAN membrane containing 1% SWNT--COOH. The permeate flux exhibited by the latter membrane was about 80% higher than that for an unmodified PAN membrane. Increasing the amount of SWNTs present in the membranes from 0% to 0.2%, and then 0.5%, resulted in a significant enhancement in the ability to remove both types of micropollutants. Somewhat surprisingly, however, further increasing the amount of SWNTs incorporated to 1.0% adversely affected recovery levels, but not the permeate flux. [Figure 12](#nanomaterials-07-00099-f012){ref-type="fig"} also shows that the ability of a composite membrane containing 1.0% SWNT--COOH to recover both micropollutants was greater than for the corresponding materials containing the same amount of SWNTs \[[@B99-nanomaterials-07-00099]\].

Pharmaceuticals and personal care products are widely used in modern society, and are persistently released into aquatic environments. As a consequence, there is an urgent need for energy-efficient technologies that can be used to control the levels of these pollutants. One recent study examined the effectiveness of nanocomposite membranes consisting of a layer of SWNTs or MWNTs deposited on PVDF, for the removal of triclosan, acetaminophen, and ibuprofen from aqueous solutions \[[@B100-nanomaterials-07-00099]\]. The membranes were prepared by first dispersing SWNTs, MWNTs, or carboxylated MWNTs in 10 mL of ultrapure water using ultrasonication, and then filtering the resulting suspensions slowly through a flat piece of PVDF contained in a glass syringe. The extent of removal of the above model pollutants ranged from 10% to 95%, and was found to increase with the number of aromatic rings in their structures. In addition, the greater specific surface area of membranes containing SWNTs resulted in higher recovery levels.

In order to determine the adsorption capacities of the different CNT membranes towards mixtures of triclosan (TCS) and ibuprofen (IBU), the amounts of these two pollutants that had adsorbed onto the membranes was measured. The results obtained showed that the adsorption of triclosan by an unmodified PVDF membrane reached saturation within 40 min. In contrast, the amount of triclosan adsorbed by composite SWNT/PVDF and MWNT/PVDF membranes increased in an almost linear fashion for up to 200 min, regardless of whether or not Suwannee River fulvic acid (SRFA) was also present ([Figure 13](#nanomaterials-07-00099-f013){ref-type="fig"}A). These results indicated that the adsorption of triclosan had not reached saturation under the conditions used. Similar trends were observed during experiments in which the adsorption of ibuprofen by the composite CNT membranes was examined ([Figure 13](#nanomaterials-07-00099-f013){ref-type="fig"}B).

The ability of CNT membranes such as those described above to remove different organic pollutants is not surprising, given the potential for raw CNTs to achieve this objective through adsorption \[[@B49-nanomaterials-07-00099],[@B101-nanomaterials-07-00099]\]. In addition, we were able to obtain evidence via mass balance calculations, for adsorption playing a significant role in the ability of a variety of different types of BPs to remove bisphenol A from aqueous solutions \[[@B102-nanomaterials-07-00099]\]. The BPs used in this investigation were prepared from dispersions containing either unsubstituted MWNTs, or functionalized MWNTs (MWNT--NH~2~ and MWNT--COOH), as well as a dispersant molecule (Triton X-100 (Trix) or phthalocyaninetetrasulfonic acid (PTS)) that was retained in the structure of the membrane. Of the BPs examined, MWNT/PTS proved to be much less effective at removing bisphenol A. Similarly, MWNT/PTS membranes were found to be less effective than MWNT/Trix BPs for removing a mixture of twelve different trace organic contaminants. This was attributed to the significantly lower surface area of the former material, which would be expected to limit its effectiveness at removing contaminants by an adsorptive mechanism. In a subsequent study, we showed that BPs prepared from dispersions containing SWNTs and biopolymer dispersants could also remove, to varying extents, the same mixture of twelve organic contaminants \[[@B103-nanomaterials-07-00099]\]. In addition, an experiment designed to explore the ability of the BPs to reject a mixture of NaCl and MgSO~4~ was undertaken, in order to examine their potential for nanofiltration and desalination. The extent of rejection of MgSO~4~ by the two BPs investigated was found to be higher than that for NaCl. This was most likely due to the greater degree of attraction between the divalent ions in MgSO~4~, and polar or charged functional groups present on the surface of the BPs owing to the retention of biopolymer molecules within their structure.

6.5. Desalination Applications {#sec6dot5-nanomaterials-07-00099}
------------------------------

Several groups have demonstrated that it is possible to desalinate water samples with a relatively low salinity (\<\~5000 mg·L^−1^ of NaCl), by using electrodes consisting of electrochemically activity composite films containing both CNTs and carbon nanofibers, and capacitive de-ionisation apparatus \[[@B104-nanomaterials-07-00099],[@B105-nanomaterials-07-00099],[@B106-nanomaterials-07-00099]\]. This application took advantage of the electrical conductivity and high porosity of composite films containing both CNTs and CNFs. The capacitive de-ionisation apparatus used consisted of two electrodes that formed a capacitor, across which a voltage was applied to adsorb ions of opposite polarity from a stream of salty water. When the applied potential was reversed, the salt was then released in the form of a concentrated brine solution.

In an alternative approach to desalting aqueous solutions, Dumee et al. used a self-supporting BP in conjunction with a direct contact membrane distillation apparatus \[[@B107-nanomaterials-07-00099]\]. These researchers prepared their BPs from dispersions of MWNTs in isopropanol, and were able to use these membranes to reject 99% of the salt present in water samples. The highly hydrophobic BPs were used to separate a feed solution consisting of hot sea water or brackish water, from a permeate comprised of cold fresh water. While liquid could not cross the membrane, water vapour was able to pass through the pores from the hot feed solution to the cold permeate, driven by the difference in partial vapour pressure. The water vapour then condensed on the permeate side, creating fresh water. The inherent hydrophobicity of CNTs, combined with the high porosity of the BP, made the latter ideal for this application. This was reflected in the water vapour permeabilities up to 3.3 × 10^−12^ kg·m^−1^·s^−1^·Pa^−1^ that were observed using a small scale rig \[[@B107-nanomaterials-07-00099]\]. In a subsequent study, the same authors studied the desalination potential of poly(tetrafluoroethylene) (PTFE) coated BPs, which displayed an enhanced hydrophobicity and improved mechanical stability \[[@B108-nanomaterials-07-00099]\]. These materials also exhibited improved lifespans, as well as excellent water permeability and salt rejection properties. For example, a 99% rejection of the salt was observed with feed solutions containing high NaCl concentrations (35 g·L^−1^).

Recently, a novel class of hybrid nanofiltration membranes were fabricated via in-situ ionic cross-linking between sodium alginate, polyethyleneimine, and MWNT--COOH \[[@B109-nanomaterials-07-00099]\]. It was shown that the permeability of these hybrid membranes towards water doubled from 13.4 to 27.0 L m^−2^·h^−1^, when the mass ratio of MWNTs to sodium alginate was increased from 0.00 to 0.05. In addition, they showed higher levels of MgCl~2~ rejection (93.5%), and greater Na^+^/Mg^2+^ selectivity, compared to other nanofiltration membranes containing polyelectrolytes.

Graphene is a two-dimensional carbon material that also shows great promise as a membrane nanomaterial \[[@B110-nanomaterials-07-00099],[@B111-nanomaterials-07-00099]\]. Recently, it was shown that graphene membranes composed of stacked graphene oxide (GO), or chemically converted graphene (CCG), possess aligned nanochannel arrays that can efficiently separate molecules in the gas or liquid phase \[[@B112-nanomaterials-07-00099],[@B113-nanomaterials-07-00099],[@B114-nanomaterials-07-00099],[@B115-nanomaterials-07-00099]\]. Although earlier graphene membranes had been reported to exhibit high water fluxes, their ability to reject pollutants was usually much lower than that of commercial nanofiltration membranes. Recently, however, Han et al. reported the preparation of a graphene nanofiltration membrane consisting of densely stacked CCG layers, which exhibited comparable rejection properties to a commercial nanofiltration membrane in experiments involving both a simple salt (Na~2~SO~4~) and organic dyes \[[@B96-nanomaterials-07-00099]\]. One disadvantage, however, was that the graphene membrane exhibited a relatively low degree of permeability towards water (flux = 3.3 L·m^−2^·h^−1^·bar^−1^). It was hypothesized that the narrow spaces between the graphene sheets in these membranes were the main cause of their low water flux. To overcome this issue, the same research group later prepared graphene/CNT composite membranes by assembling rGO and MWNTs on a porous substrate. The rationale behind the design of these new membranes was that the reduced graphene oxide would facilitate molecular sieving interactions, while the MWNTs would expand the interlayer space between neighbouring graphene sheets, leading to higher water fluxes \[[@B116-nanomaterials-07-00099]\].

Electron microscopy studies on the above rGO/MWNT membranes revealed that the nanotubes had been inserted into the graphene sheets, without disturbing the morphology of the latter. This was attributed to the flexibility of graphene oxide and excellent compatibility between graphene and CNTs. A transmission electron microscopic examination of the materials indicated that the MWNTs were well dispersed throughout the membranes. Nanofiltration experiments conducted using a dead-end filtration device with the rGO/MWNT membranes showed water fluxes up to 11.3 L·m^−2^·h^−1^·bar^−1^, which was more than twice that of neat graphene membranes. In addition, the rGO/MWNT membrane exhibited high levels of dye rejection (\>99% for Direct Yellow and \>96% Methyl Orange), and a significant ability to reject salt (83.5% rejection for Na~2~SO~4~, 51.4% rejection for NaCl) \[[@B116-nanomaterials-07-00099]\]. A further advantage exhibited by the rGO/MWNT membranes was a greater antifouling ability, which was attributed to lower levels of roughness and a higher hydrophilicity \[[@B116-nanomaterials-07-00099]\].

7. Resistance to Fouling {#sec7-nanomaterials-07-00099}
========================

Recent interest in CNTs also stems from research that showed they improve the antifouling properties of commercial ultrafiltration membranes. For example, in a recent study by Guo et al., the effects of modifying the surface of polyethersulfone (PES) membranes with BPs on their susceptibility to fouling was investigated \[[@B117-nanomaterials-07-00099]\]. Composite membranes were fabricated by filtering a suspension of MWNTs through a commercial PES membrane in a dead-end ultrafiltration unit. The pure water flux of the composite material was significantly greater than that exhibited by a pure PES membrane. It was also shown that the BP layer could trap pollutants present in sewage effluent on the surface of the composite, thereby preventing them from reaching the underlying PES membrane. The ability of the composite membrane to remove humic acid from aqueous solutions was also significantly greater than that of the unmodified PES membrane.

Another recent investigation into the antifouling properties of composite membranes containing CNTs was performed by Bai et al. \[[@B118-nanomaterials-07-00099]\]. The composite membranes examined were prepared using MWNT--COOH or MWNTs that had been covalently functionalised with polyethylene glycol (MWNT--PEG). A PES ultrafiltration membrane was then coated with either raw or functionalised MWNTs, resulting in composite materials that had rougher surfaces than the underlying support material. Investigations into the antifouling properties of the different types of composite materials were conducted using humic acid, BSA, and sodium alginate. In each case, the composite membranes exhibited significantly improved antifouling properties compared to the PES membrane alone \[[@B118-nanomaterials-07-00099]\]. Each of the modified membranes showed significantly higher fluxes than a pure PES membrane after exposure to increasing amounts of humic acid. These results clearly illustrated that a potential application of BPs is to enhance the overall performance of commercial membranes by minimising fouling, thereby reducing running costs and increasing operational lifetimes.

Enhancing Fouling Performance through Electrical Stimulation
------------------------------------------------------------

To date, there have been very few studies which have sought to take advantage of the electrical conductivity of BPs in order to achieve superior outcomes for a filtration process. One such study involved the use of self-supporting and electrochemically active MWNT BP filters for the adsorptive removal and electrochemical oxidation of a number of water-soluble dyes \[[@B119-nanomaterials-07-00099]\]. The first stage of preparation of the BPs involved dispersing MWNTs in DMSO using probe sonication. Vacuum filtration of the resulting dispersions through 5 μm PTFE membranes then afforded the self-supporting MWNT BPs. In the absence of an applied electrical potential, the MWNT BP filter completely removed methylene blue and methyl orange from an influent solution, until a monolayer consisting of dye molecules had adsorbed to its surface. In a separate experiment, the application of an electrical potential (2 V) to an identical BP resulted in oxidation of \>98% of influent dye molecules after a single pass through the membrane. The efficient removal of dye molecules was attributed to their planar aromatic structures, which promoted adsorption to the anodic MWNT surface. These results highlighted the potential of electrochemically active MWNT BPs for the adsorptive removal and oxidative degradation of aqueous contaminants.

The oxidation of methylene blue has also been achieved through the application of oxidizing electrochemical potentials to polyaniline/MWNT composite membranes \[[@B120-nanomaterials-07-00099]\]. The latter showed a number of favourable attributes for this application, including significant levels of hydrophobicity and electrical conductivity. In addition, the membranes showed improved levels of stability towards the oxidizing conditions required to effect the oxidation of methylene blue. Furthermore, there was little evidence of deterioration apparent when the membranes were subjected to a potential of 3 V (vs. Ag/AgCl) at neutral pH. Under a variety of conditions, the polyaniline/MWNT composite outperformed an analogous polyvinyl alcohol/MWNT composite material in experiments conducted to test their ability to oxidise methylene blue. In addition, the use of anodic potentials was found to confer a pronounced ability on the polyaniline/MWNT composite to inhibit fouling by BSA, provided chloride ions were present in the reaction medium. This led the authors to conclude that the primary agent responsible for the removal of the protein foulant was chlorine, generated by the electrochemical oxidation of chloride ions.

The above study is just one example of a growing number of investigations that have explored the use of electrochemical methods and the conductivity of CNT membranes, to minimize fouling by organic substances and/or bacteria. The inhibition of microbial attachment was also demonstrated in experiments involving CNT/polyvinyl alcohol composite materials and *E. coli* \[[@B121-nanomaterials-07-00099]\]. The inhibition of bacterial cell attachment was achieved when the membrane was operated as either an anode or a cathode. It was proposed that hydrogen peroxide, which formed as a result of the application of low electrochemical potentials to the membrane, was responsible for the observed results, as it leads to a reduction in cell membrane permeability, and therefore, the overall health of the bacteria.

Significant reductions in membrane fouling by organic compounds have also been achieved using robust and electrically conductive membranes prepared using MWNT--COOH and cross-linked PVA \[[@B122-nanomaterials-07-00099]\]. The preparation of these membranes used MWNT--COOHs that had been dispersed in aqueous solutions containing dodecylbenzenesulfonic acid (DDBS), using a horn sonicator. The resulting MWNT--COOH dispersion, and a solution of PVA, were then pressure deposited onto a commercial polysulfone (PS-35) ultrafiltration membrane. This resulted in the formation of modified (PVA/MWNT--COOH/PS-35) membranes that were then incorporated into an electrofiltration cell, in order to study the effects of applied potentials on the extent of membrane fouling in the presence of high concentrations (3--5 g·L^−1^) of negatively charged alginic acid.

Higher fouling rates were observed for unmodified PS-35 membranes compared to PVA/MWNT--COOH/PS-35 membranes. In addition, the application of an electrical potential of −3 V or −5 V to modified membranes for 100 min resulted in much smaller reductions in the operating pressure (33% and 51%, respectively), compared to when no voltage was applied ([Figure 14](#nanomaterials-07-00099-f014){ref-type="fig"}). This was due to the applied potentials inhibiting fouling, as a result of repulsive electrostatic forces between the negatively charged membrane and alginic acid \[[@B122-nanomaterials-07-00099]\].

The effect of applied potentials on biofilm formation was also examined in a study involving polyamide/MWNT--COOH composite membranes \[[@B123-nanomaterials-07-00099]\]. These exhibited high electrical conductivity (\~400 S m^−1^) and good NaCl rejection properties (\>95%). The ability of the composite membranes to resist fouling caused by bacteria was then compared to that of the conventional polyamide support material. When the latter was used, a non-reversible decline in water flux was observed in experiments involving a feed solution containing *pseudomonas aeruginosa*, a model biofouling bacterium. This was attributed to biofilm formation, which could not be reversed by the application of a cross-flow rinse with the feed solution. In contrast, the decrease in flux observed when the polyamide/MWNT--COOH nanocomposite membranes were tested under the same conditions, and with an electrical potential applied to their surface, was only caused by the deposition of bacteria, rather than bacterial attachment. This was shown by experiments in which the flux was restored to its initial levels following a short rinse with the feed solution. The inhibition of biofilm formation on the nanocomposite membranes was shown to be a long-term effect, which did not decrease with membrane use, and was highly reproducible.

Membrane filtration technology provides feasible solutions for removing contaminants, but achieving a high permeability, good selectivity, and antifouling capability still remains a challenge for existing filtration technologies. Recently, Fan et al. applied a new strategy in which membrane filtration was coupled with electrochemistry to enhance the performance of an MWNT/Al~2~O~3~ composite membrane \[[@B124-nanomaterials-07-00099]\]. The synthesis of the composite membrane was achieved by first dispersing oxidised MWNTs in DMF also containing 0.5 wt% polyacrylonitrile. The resulting MWNT/PAN dispersion was then vacuum filtered onto a porous Al~2~O~3~ substrate, producing an MWNT/PAN/Al~2~O~3~ membrane which was pyrolysed at 1000 °C under an atmosphere of hydrogen. The final membrane exhibited a good pore-size tunability, mechanical stability, and electrical conductivity \[[@B124-nanomaterials-07-00099]\].

In addition, the MWNT/PAN/Al~2~O~3~ composite membrane exhibited improved permeate fluxes and the ability to remove contaminants when electrochemical stimuli were applied \[[@B124-nanomaterials-07-00099]\]. [Figure 15](#nanomaterials-07-00099-f015){ref-type="fig"}A shows that the total organic carbon (TOC) removal efficiency exhibited by the MWNT/PAN/Al~2~O~3~ membrane in the absence of electrochemical stimulation was just 28.9%. However, this increased to 46.7%, 71.3%, and 87.7%, when the membrane was subjected to constant applied potentials of +0.5, +1.0, and +1.5 V, respectively \[[@B124-nanomaterials-07-00099]\].

[Figure 15](#nanomaterials-07-00099-f015){ref-type="fig"}B shows the effects of the above electrochemical stimuli on the permeate flux of the MWNT/PAN/Al~2~O~3~ membrane. In the absence of an applied electrochemical potential, the normalised permeate flux of the membrane decreased to 59.5% after 60 min of operation, owing to fouling caused by the accumulation of humic acid \[[@B124-nanomaterials-07-00099]\]. This was confirmed by the observation of a layer of organic matter on the membrane surface. In contrast, permeate fluxes of 68.5%, 79%, and 92.6% were observed when applied potentials of +0.5, +1.0, and +1.5 V, respectively, were used \[[@B124-nanomaterials-07-00099]\]. These results showed that the loss of permeability of the MWNT/PAN/Al~2~O~3~ membrane was mitigated through the use of an electrochemical signal. Consistent with this, the SEM image of the membrane used in the experiment performed using an electrochemical potential of +1.5 V showed a much smaller accumulation of humic acid on its surface.

Similar results were obtained by the same research group when electropolarisation was used in conjunction with a conductive MWNT/ceramic composite membrane \[[@B125-nanomaterials-07-00099]\]. The first step towards the preparation of the latter involved dispersing carboxylated MWNTs into a 0.5 wt% PAN/DMF solution using ultrasonication. The resulting dispersion was then used to coat a hollow fibre substrate with the assistance of vacuum filtration. The resulting materials were heated at 250 °C for 3 h in air, and then subjected to pyrolysis at 1000 °C under a hydrogen atmosphere, to afford the final MWNT/ceramic composite membranes. When an electrical potential was applied, the latter exhibited a permeate flux 8.1 times higher than that observed in the absence of electropolarisation, in experiments involving the filtration of a feed solution containing bacteria. In addition, the permeate flux of the composite membrane was 1.5 times larger when electropolarisation was used to filter an aqueous solution containing natural organic matter. These results demonstrated a high level of performance of the new membrane with respect to mitigating biofouling.

[Figure 16](#nanomaterials-07-00099-f016){ref-type="fig"} shows the effect of operating time on both the normalised water flux and the ability to remove NOM, of this new type of composite membrane, when used in conjunction with different types of electrical potential. On each occasion, the results obtained were superior to those observed when no electrical stimulation was used \[[@B125-nanomaterials-07-00099]\]. Increases in permeate flux were ascribed to the mitigation of fouling of the MWNT/ceramic membrane by organic components, owing to the application of electropolarisation.

Similar promising results were obtained from fouling mitigation experiments performed using the MWNT composite membranes, and aqueous feed solutions that contained both natural organic matter and *E. coli* \[[@B125-nanomaterials-07-00099]\]. In the absence of electropolarisation, the permeate flux was 846 L·m^−2^·h^−1^·bar^−1^. In contrast, values of 1065, 1410, and 1570 L·m^−2^·h^−1^·bar^−1^ were obtained after 60 min filtration, when alternating electrical biases of ±0.5, ±1.0, and ±1.5 V, respectively, were used. In addition, the efficiency of natural organic matter removal was enhanced more than three-fold, when the membrane was cycled between ±1.5 V \[[@B125-nanomaterials-07-00099]\].

The above results demonstrate that electrically conductive composite membranes containing CNTs show potentially useful antifouling properties. Further evidence of this was provided by a recent investigation using a new type of dual-layer MWNT/PVDF membrane \[[@B126-nanomaterials-07-00099]\]. When compared to a pristine PVDF membrane, the MWNT/PVDF dual layer membrane exhibited greater electrical conductivity and a 10% increase in water permeability \[[@B126-nanomaterials-07-00099]\]. When an electrical potential of 1 V DC or 2 V DC was applied, the MWNT/PVDF membrane maintained a lower trans-membrane pressure than the pristine PVDF membrane in experiments performed with solutions containing sodium alginate, BSA, and humic acid. The lower trans-membrane pressure was attributed to lower levels of fouling, as a result of the applied electric field.

Composite membranes consisting of MWNTs and calcium alginate (CA) also exhibited low levels of fouling, even in the absence of any electrochemical assistance. It had already been shown that CNT doped alginate composites exhibited good mechanical strength, and can be used to remove heavy metal ions, dye molecules, and natural organic matter from wastewater by acting as an adsorbent \[[@B127-nanomaterials-07-00099],[@B128-nanomaterials-07-00099]\]. In order to incorporate those characteristics into filtration membranes, Jie et al. prepared MWNT/CA hydrogel membranes, by using Ca^2+^ to crosslink the CNTs and CA in the presence of polyethylene glycol 400 (PEG400), which served as a pore-forming agent \[[@B129-nanomaterials-07-00099]\]. The strength, antifouling properties, and dye rejection capabilities of the MWNT/CA membranes were investigated. When the feed solution was changed from pure water to a solution containing BSA, the permeate flux reduced only slightly. Furthermore, after repeated operation, the permeate flux remained at ca. \~90% of the value obtained when pure water was used as the feed. These results were obtained without any washing operations being performed between experiments, indicating that the MWNT/CA filtration membrane exhibited excellent protein antifouling properties. In addition, the MWNT/CA composite membrane showed a 99% rejection of Congo Red, indicating that it can be used as a nanofiltration membrane to remove small organic molecules present in wastewater.

The ability of a new type of nanocomposite membrane, consisting of polysulfone (PSf) with embedded MWNTs, to resist fouling by organic molecules was also recently investigated \[[@B130-nanomaterials-07-00099]\]. Before embedding into the polymer matrix, the MWNTs were first treated with HNO~3~ to introduce carboxylic acid functional groups onto their surface, and to facilitate modification with dodecylamine. The final nanocomposite membranes exhibited a significantly higher permeability and protein fouling resistance than pristine PSf membranes, when used in filtration experiments using solutions containing BSA \[[@B130-nanomaterials-07-00099]\].

8. Conclusions {#sec8-nanomaterials-07-00099}
==============

Researchers were first drawn to the potential of CNTs for filtration applications as a result of the tremendous permeability exhibited by aligned membranes, and their exquisite ability to discriminate between small molecules on the basis of differences in size. Their level of performance in these areas is yet to be matched by other classes of CNT membranes such as BPs and CNT composites. However, the latter offer a number of advantages such as a lower cost and greater ease of production, as well as the ability to be produced on a larger scale. As a consequence, researchers are increasingly looking towards these materials for a host of new applications, including the filtration of air samples, removal of bacteria and other pathogens from water supplies, desalination, and the separation of a wide range of organic compounds of environmental concern. Investigations into these applications have shown that CNT composite membranes often show enhanced resistance to biofouling compared to the conventional polymeric or ceramic substrates used in their preparation. In addition, recent work has shown that it is possible to enhance the anti-fouling properties of these materials by taking advantage of their inherent conductivity and using different forms of applied electrochemical stimulation. These results suggest that a very important application of CNTs in the future may be as additives or components of composite membranes whose function is to ensure that they can work with optimum efficiency for extended periods. There is still also a great deal to be learnt about what differences, if any, there are between the filtration characteristics of BPs or composite materials prepared using different classes of CNTs and dispersing agents. In view of these unanswered questions, and the enormous range of support materials that can be used to prepare CNT composites, and the diversity of potential applications, it is certain that research into these materials will continue to expand.
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![Currently used methods for synthesising carbon nanotubes (CNTs). Reproduced from Reference \[[@B17-nanomaterials-07-00099]\] with permission of the Royal Society of Chemistry.](nanomaterials-07-00099-g001){#nanomaterials-07-00099-f001}

![Schematic illustration of chitosan helically wrapping around the outside of a CNT. The structure of chitosan is also shown. Reproduced with permission from Reference \[[@B30-nanomaterials-07-00099]\]. Copyright Elsevier, 2007.](nanomaterials-07-00099-g002){#nanomaterials-07-00099-f002}

![(**A**) Scanning electron microscope (SEM) image of a vertically aligned array of CNTs produced using a Fe-catalysed chemical vapor deposition (CVD) process; (**B**) schematic illustration of the structure of an aligned CNT membrane. From Reference \[[@B37-nanomaterials-07-00099]\]. Reprinted with permission from the American Association for the Advancement of Science.](nanomaterials-07-00099-g003){#nanomaterials-07-00099-f003}

![Production of a macro architecture consisting of aligned multi-walled carbon nanotubes (MWNTs), for use in filtration applications. (**A**) Schematic of the spray pyrolysis apparatus used for growing aligned MWNTs. The process consisted of a nozzle attached to a ferrocene/benzene solution supply used for releasing the solution into a quartz tube, mounted inside a temperature-controlled cylindrical furnace. A benzene/ferrocene solution was injected into the quartz tube, using argon as a carrier gas, and the temperature of the furnace then increased to 900 °C; (**B**) Photograph of the bulk nanotube architecture produced by the above method; (**C**) SEM image of the aligned nanotubes with radial symmetry, resulted in a hollow cylindrical structure (scale 1 mm). Reprinted by permission from Macmillan Publishers Ltd from Reference \[[@B45-nanomaterials-07-00099]\]. Copyright Nature Publishing Group 2004.](nanomaterials-07-00099-g004){#nanomaterials-07-00099-f004}

![(**A**) Digital photograph of a MWNT buckypaper; (**B**) an SEM micrograph of a MWNT buckypaper (BP).](nanomaterials-07-00099-g005){#nanomaterials-07-00099-f005}

![Inactivation and metabolic activity of *E. coli* cells retained on a SWNT/poly(vinylidene fluoride) (PVDF) composite filter and on a bare PVDF membrane filter: (**A**) Inactivation test results showing the presence of *E. coli* cells that are not viable; (**B**) metabolic activity test results indicating the presence of metabolically active *E. coli* cells. Adapted with permission from Reference \[[@B16-nanomaterials-07-00099]\]. Copyright John Wiley and Sons, 2008.](nanomaterials-07-00099-g006){#nanomaterials-07-00099-f006}

![Effect of time on the amount of bacteria remaining in the filtrate (expressed as colony forming units (CFU)) after passage across Ag/MWNT membranes with different loadings of silver. Reproduced with permission from Reference \[[@B84-nanomaterials-07-00099]\]. Copyright Elsevier, 2015.](nanomaterials-07-00099-g007){#nanomaterials-07-00099-f007}

![(**a**) SEM micrograph of the surface of a self-supporting MWNT BP prepared from a dispersion of MWNTs in isopropyl alcohol. Scale bar is 100 nm; (**b**) SEM micrograph of the surface of the BP after filtration of gold NPs. Scale bar is 100 nm. The inset is an high-resolution transmission electron microscopy (HRTEM) image showing the Au NPs; (**c**) UV--visible absorption spectrum of the colloidal solution of Au NPs before and after filtration through a MWNT BP. Reprinted with permission from Reference \[[@B85-nanomaterials-07-00099]\]. Copyright American Chemical Society, 2012.](nanomaterials-07-00099-g008){#nanomaterials-07-00099-f008}

![Schematic illustration of pervaporation of an azeotropic mixture. (**A**) Feed solution containing a mixture of ethyl *tert*-butyl ether (ETBE), *tert*-butyl alcohol (TBA), and ethanol; (**B**) intermediate; and (**C**) final stages of pervaporation using an MWNT/PVA BP. Reproduced with permission from Reference \[[@B90-nanomaterials-07-00099]\]. Copyright Elsevier, 2014.](nanomaterials-07-00099-g009){#nanomaterials-07-00099-f009}

![Performance of a reduced graphene oxide (rGO)/MWNT hybrid membrane for removing fulvic acid (initial feed concentration 50 ppm) from water. Reproduced from Reference \[[@B95-nanomaterials-07-00099]\] with permission from the Royal Society of Chemistry.](nanomaterials-07-00099-g010){#nanomaterials-07-00099-f010}

![Performance of rGO/MWNT hybrid NF membranes during experiments involving feed solutions containing Au nanoparticles, bovine serum albumin (BSA), or phoxim. Reproduced from Reference \[[@B95-nanomaterials-07-00099]\] with permission from the Royal Society of Chemistry.](nanomaterials-07-00099-g011){#nanomaterials-07-00099-f011}

![Effect of SWNT loading on wastewater flux (at 0.5 bar) and the removal of bisphenol A (BPA) and 4-nonylphenol (4-NP) by composite polyacrylonitrile (PAN)/SWNT membranes. Reproduced with permission from Reference \[[@B99-nanomaterials-07-00099]\]. Copyright Taylor and Francis, 2016.](nanomaterials-07-00099-g012){#nanomaterials-07-00099-f012}

![Effect of time on the adsorption of: (**A**) triclosan; and (**B**) ibuprofen by SWNT/PVDF and MWNT/PVDF composite membranes, both in the absence and presence of Suwannee River fulvic acid (SRFA). Reprinted with permission from Reference \[[@B100-nanomaterials-07-00099]\]. Copyright Elsevier, 2015.](nanomaterials-07-00099-g013){#nanomaterials-07-00099-f013}

![Effect of application of negative potentials to PVA/MWNT--COOH/PS-35 membranes on the extent of fouling caused by a solution consisting of 5 g·L^−1^ alginic acid. Reduced levels of fouling led to smaller increases in applied pressure being required to maintain membrane operation. Reproduced with permission from Reference \[[@B122-nanomaterials-07-00099]\]. Copyright Elsevier, 2014.](nanomaterials-07-00099-g014){#nanomaterials-07-00099-f014}

![Effect of an applied electrochemical potential on the performance of a MWNT/PAN/Al~2~O~3~ membrane exposed to humic acid: (**a**) effect on total organic carbon (TOC) removal efficiency; (**b**) normalised permeate flux. Reprinted with permission from Reference \[[@B124-nanomaterials-07-00099]\]. Copyright American Chemical Society, 2015.](nanomaterials-07-00099-g015){#nanomaterials-07-00099-f015}

![Effect of different types of electrochemical stimulation on the performance of an MWNT/ceramic membrane during filtration experiments performed using solutions containing natural organic matter: (**a**) Effect on normalised permeate flux of water; (**b**) Effect on TOC removal efficiency. Reproduced with permission from Reference \[[@B125-nanomaterials-07-00099]\]. Copyright Elsevier, 2015.](nanomaterials-07-00099-g016){#nanomaterials-07-00099-f016}
